Pasteuria penetrans is a gram-positive, endospore-forming eubacterium that apparently is a member of the Bacillus-Clostridium clade. It is an obligate parasite of root knot nematodes (Meloidogyne spp.) and preferentially grows on the developing ovaries, inhibiting reproduction. Root knot nematodes are devastating root pests of economically important crop plants and are difficult to control. Consequently, P. penetrans has long been recognized as a potential biocontrol agent for root knot nematodes, but the fastidious life cycle and the obligate nature of parasitism have inhibited progress on mass culture and deployment. We are currently sequencing the genome of the Pasteuria bacterium and have performed amino acid level analyses of 33 bacterial species (including P. penetrans) using concatenation of 40 housekeeping genes, with and without insertions/deletions (indels) removed, and using each gene individually. By application of maximum-likelihood, maximum-parsimony, and Bayesian methods to the resulting data sets, P. penetrans was found to cluster tightly, with a high level of confidence, in the Bacillus class of the gram-positive, low-G؉C-content eubacteria. Strikingly, our analyses identified P. penetrans as ancestral to Bacillus spp. Additionally, all analyses revealed that P. penetrans is surprisingly more closely related to the saprophytic extremophile Bacillus haladurans and Bacillus subtilis than to the pathogenic species Bacillus anthracis and Bacillus cereus. Collectively, these findings strongly imply that P. penetrans is an ancient member of the Bacillus group. We suggest that P. penetrans may have evolved from an ancient symbiotic bacterial associate of nematodes, possibly as the root knot nematode evolved to be a highly specialized parasite of plants.
Pasteuria penetrans is an endospore-forming, gram-positive, obligate parasitic bacterium of the root knot nematodes (RKN), Meloidogyne spp. RKN have a very broad host range, which includes more than 2,000 plant species, and most cultivated crops are attacked by at least one species of Meloidogyne (33) ; this causes economic losses of more than $50 billion per year. The problem in the subtropics and tropics is particularly severe, and many developing nations are seriously affected in terms of both food security and economics by RKN. Mature female RKN release hundreds of eggs into a proteinaceous matrix on the surface of the root. Following a first molt in the egg, a motile second-stage (J2) juvenile hatches in the soil and typically reinfects the same plant. The RKN J2 destructively penetrates the root, preferentially in the zone of elongation or at the site of lateral root emergence, and migrates intercellularly into the vascular cylinder, causing little or no injury. Once in the vascular cylinder, the nematode makes a commitment to establish a highly specialized feeding site, referred to as a giant cell. The relationship between an RKN and its host is both intimate and complex and involves dramatic changes both in the plant and in the nematode, leading to giant cell induction and gall formation. The Meloidogyne J2 stage is a nonfeeding, developmentally arrested, long-lived dispersal stage and can survive in the soil for weeks or even months on stored lipid reserves, and this is the nematode stage exposed to P. penetrans spores in the soil.
The life cycle of this bacterium has coevolved with its host and begins when a J2 migrating through the soil becomes encumbered with endospores. The endospores do not germinate until the J2 has entered the plant root and established a feeding site. Sometime between the establishment of a feeding site and the second nematode molt, an endospore germinates and produces rhizoids which extend throughout the developing nematode. The rhizoids eventually produce bacterial rods that undergo rapid exponential growth, resulting in degeneration of the nematode's reproductive tract and inhibition of egg production. Sporogenesis is triggered in a manner similar to the manner observed for other bacilli and involves the initiation of a metal ion-sensitive, phosphorelay pathway (16) that results in the production of endospores. Because of both its high efficacy and its host specificity, P. penetrans represents a potentially ideal biological control agent for the economically important Meloidogyne crop pests (5, 26, 37, 43) . However, the obligate nature of the bacterium's life style and its host specificity have made it difficult to develop P. penetrans into a commercial product. For these reasons, a genomic approach has recently been used to help understand the mechanisms of parasitism of Pasteuria spp. and the possible exploitation of their ecological niche (9) .
There have been many attempts to classify this group of bacteria since it was first described as Pasteuria ramosa by Metchnikoff (23) in 1888 on Daphnia, a waterflea. In 1906, Cobb (6) studied the morphology of this parasite on the nematode Dorylaimus bulbiferous and claimed that it should be placed among the protozoans. This change was later accepted, and the bacterium was renamed Duboscqia penetrans by Thorne (40) in 1940. Since then, electron microscope techniques have shown that the bacterium is more Bacillus-like than protozoan, and hence, it was renamed again, as Bacillus penetrans (21) . In 1985, Metchnikoff's work was rediscovered, and findings suggested that there were similarities to the original P. ramosa, which led to reversion of the genus back to Pasteuria, as described by Sayre and Starr (34) . Because P. penetrans is a gram-positive, mycelial, endospore-forming bacterium, it was classified in the Actinomycetales (34) .
Multilocus sequence typing exploits the variation that slowly accumulates in housekeeping genes in populations and is a selectively neutral method for characterizing bacteria (20) . This approach has been shown to be extremely useful for characterizing pathogenic strains (44) . Multilocus enzyme electrophoresis was never exploited to characterize P. penetrans, due in large part to the obligate parasitic nature of this organism and the difficulty in separating Pasteuria enzymes from host enzymes. However, the acquisition of genome sequence data for P. penetrans makes multilocus sequence typing a feasible approach and provides a method for inferring the organism's closest relatives, along with its phylogenetic history.
Automated sequencing techniques have been used with single genes to reevaluate the classification of this bacterium. Studies using 16S rRNA genes and rRNA have indicated that Pasteuria spp., including P. penetrans, belong to the Clostridium-Bacillus-Streptococcus branch of gram-positive eubacteria (2, 3, 28) . This finding has recently been supported through the use of the spo0A gene, which placed Pasteuria with members of the supergenus Bacillus (42) . However, phylogenetic analytical procedures that rely on only one gene at a time to classify a species have been found to be inaccurate in many cases, while the use of multilocus approaches have been shown to be more reliable (12, 14, 27, 30, 31, 35, 48) .
To resolve the placement of P. penetrans among bacteria, a deep phylogenetic analysis was performed with 40 housekeeping genes separately and concatenated. Further analyses were performed with a subset of 27 of these genes. Various phylogenetic methods, including Bayesian, maximum-likelihood, and maximum-parsimony methods, were used to further strengthen the validity of the analysis.
MATERIALS AND METHODS
Bacterial species from a supertree constructed by Daubin et al. (7) were searched in the National Center for Biotechnology Information database (45) to identify completely sequenced genomes. Completely sequenced genomes are necessary to ensure that the genes collected are orthologous. The species used, whose phyla are distributed throughout the superkingdom Eubacteria, were chosen to avoid taxon bias in the resulting trees (4) .
In previous single-gene phylogenetic analyses, P. penetrans has been demonstrated to fall into the Bacillus clade (2, 3, 42) , but the specific relationships are still unresolved. Kobayashi et al. (18) in 2003 identified the genes essential to Bacillus subtilis. Since these genes include independent, housekeeping genes that are known to evolve slowly, they have the highest probability of giving the most accurate and unbiased tree when they are concatenated (30) . The genes chosen were blasted using a tblastn query (1) and Blossum62 matrix against P. penetrans unpublished sequence data with the following restrictions: a maximum e-value of 1e-20 and a minimum bit score of 100. The genes recovered were then evaluated for evidence of horizontal gene transfer based on GϩC content, codon usage, amino acid usage, and gene position (15) ; potential horizontal gene transfer candidates were discarded. The remaining genes were then blasted in the National Center for Biotechnology Information database against the bacterial species chosen using the criteria described above and BLAST tools. The BLAST results were used as a guide to identify full gene sequences in the corresponding species genome. A total of 40 genes which were found in the most species and contained the longest identical sequences, ranging from 50 to over 400 amino acids long, were chosen for analysis (Tables 1 and 2 ).
The multiple-sequence alignments were constructed using both the global alignment program ClustalW (39) and the local alignment program DiAlign (24) . The best alignment was chosen, and hand-eye adjustments were made in GeneDoc (25) until the levels of sequence identity were at least 30%. This was done by pruning any region violating position homology in the multiple align- 
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P. PENETRANS PHYLOGENETIC ANALYSIS 5701 ment and also excluding species with a consistently low level of sequence identity. These adjustments were the basis for delimiting the start and stop positions of the gene sequences in each alignment (Table 2 ). Since the species have a high degree of diversity, alignment was performed at the amino acid level. Phylogenetic analyses were then conducted with these amino acid sequence alignments; the parameters used in each program are indicated below. The first analysis was performed with each gene separately using maximum-likelihood and maximum-parsimony methods. Then separate alignments were concatenated using SNAP Workbench (29) for a total of 6,036 amino acids and were analyzed again using the same programs. Two different subsets of this concatenation, both consisting of the same 28 taxa and 27 genes, were analyzed using Bayesian and maximum-likelihood methods, as well as maximum parsimony. These subsets were created to minimize the potential of phylogenetic artifacts, such as unequal taxon sampling bias, derived from the inclusion of species and genes with large amounts of missing data. By including only the species containing at least 27 genes, the taxon number was reduced to 28. The species that were removed included all the species in the phyla Crenarchaeota and Euryarchaeota. After taxa were removed, the multiple-sequence alignment of each gene was reexamined and kept if there were no regions in the alignment that disrupted positional homology ( Table 2 ). The largest of these subsets included all 27 full gene sequences and a total of 4,236 amino acids. For the other subset all of the insertions/deletions (indels) were removed using SNAP Workbench, which left the most conservative data set with a total of 3,032 amino acids.
The phylogenetic analyses for all datasets were performed as described below. In all cases, a strict consensus tree was inferred to avoid placing emphasis on any one topology. Gaps were treated as missing data or ambiguous characters, and no molecular clock was assumed. Maximum-likelihood analysis using PAML 3.12 (47) inferred a single tree via stepwise addition. The discrete-gamma model and empirical amino acid substitution matrix of Jones et al. (17) were used to perform the analysis (46) . All model parameters (e.g., amino acid substitution rates) were estimated empirically from the data. Maximum-parsimony searches in MEGA 2.1 (19) were performed using close-neighbor interchange, uniform weighting, and 5,000 bootstrap replicates. The close-neighbor interchange initial trees were selected by using random addition trees with 10 replications each and a search level of 3. A Bayesian analysis using MrBayes (32) was performed to allow the greatest heterogeneity among sites while starting parameter values similar to those used in the maximum-likelihood analyses were used. We used gamma-distributed rates across sites, with substitutions occurring according to a time-reversible model. A uniformly shaped prior distribution was chosen, which included all topologies equally probable, a priori, and unconstrained branch lengths. The rate matrix for the prior was fixed to the Jones-Taylor-Thornton model for consistency by maximum-likelihood analyses. One cold chain and three heated chains were used with the sample frequency set to 50. The Markov chain Monte Carlo analysis was run for 10,000 generations for each analysis due to the complexity of the protein data set.
RESULTS
All phylogenetic analyses performed with 40 housekeeping genes of 33 bacterial species consistently placed P. penetrans between Bacillus halodurans and Staphylococcus aureus in the gram-positive, low-GϩC-content bacilli with good support (Fig. 1 to 3) . The initial maximum-likelihood and maximum-parsimony analyses performed for each gene separately gave different results. For the majority of the trees, P. penetrans fell into the low-GϩC-content, gram-positive clade, as expected. There were, however, seven instances where the placement of the bacterium in the phylogeny was seemingly random (Table 1) . For example, P. penetrans was found to be most closely related to proteobacteria for the groEL gene, with a bootstrap value of 99% (Fig. 4) , and to the high-GϩC-content, gram-positive bacteria for the eno gene, with a bootstrap value of 90% (Fig. 5 ). There were also a few clades with strong support in one gene tree that were incongruent with clades supported by data for other gene loci. The genes with the most consistent phylogenetic placement of species, with some minor incongruencies within clades, coincide with the subset of genes chosen for the concatenation analyses. When the maximum ln likelihood of the individual gene trees (Table 3) was examined, it was apparent that trees inferred from alignments that were similar in length had log likelihood values that were similar even though the overall tree topologies and the specific placement of species differed.
The maximum-likelihood tree inferred from the concatenation of all 40 genes was concordant with 33 of the 40 individual gene trees (Fig. 2) . The tree for the combined data set resolved accepted clades of species within the same phylum. Each clade was further split into smaller clades that corroborated widely accepted phylogenetic and taxonomic relationships (7, 45) . The placement of P. penetrans in this phylogeny agrees with the initial hypothesis that it is a member of the Bacillus class and resolves its exact placement between B. halodurans and S. aureus.
The next series of phylogenetic analyses were performed with 27 housekeeping genes and 28 bacterial species. The genes were concatenated and analyzed using maximum-likelihood and maximum-parsimony methods (Fig. 3) . The phylogenetic inferences from each of these methods were consistent with the placement of Pasteuria ancestral to Bacillus and the Lactococcus/Streptococcus clade. As shown in Fig. 3 , maximum parsimony did not provide as much support for the phylogenetic relationships in the inferred tree as the parametric methods provided ( Fig. 1 and 2) .
The most conservative analysis was performed with the set of 27 genes with all indels removed. This data set was then examined using Bayesian, maximum-likelihood, and maxi- 0  1  1  1  1  1  1 8  26  25  27  21 28  30 28  27  28  28  29  32  33  33  33  28  28 23  31  30 30 33  160  97  126 163 165 108 42  44 100  37  345  68  197 118  56  239 187 192 195  48 66 64 VOL. 187, 2005 P. PENETRANS PHYLOGENETIC ANALYSIS 5703 mum-parsimony methods. All three phylogenies placed P. penetrans in the Bacillus clade, between B. halodurans and S. aureus (Fig. 1) . The posterior probability was 80 and the bootstrap value was 85%. Importantly, the results of each of these analyses mirrored the results obtained with the full gene sequences and the initial data set for 40 genes and 33 species.
DISCUSSION
The results of the concatenated species tree analysis place P. penetrans in the Bacillus clade, between B. halodurans and S. aureus ( Fig. 1 and 2 ). This result suggests that Pasteuria is ancestral to other Bacillus spp. Within this group, P. penetrans is more closely related to the saprophytic extremophile B. haladurans and its close saprophytic relative B. subtilis than to the pathogenic species Bacillus anthracis and Bacillus cereus. Unfortunately, at the time of this analysis the genome of Bacillus thuringiensis was not available. These results were independent of which phylogenetic method was used and whether the data set contained 40 or 27 genes with or without indels.
For most of the phylogenetic trees based on single genes, the inferred clades are also found in the concatenated tree, with slight variations in the exact clade positions. However, for some of the genes, especially those with low numbers of species (Table 2) , the position of P. penetrans varies (Table 1 and Fig.  4 and 5) . 31 The incongruence observed here is a typical result for single-gene phylogenies (30) . This is due to a number of biological and methodical factors that are related to gene evolution and phylogenetic analyses, such as the rate of evolution, variable sites, gene size, taxon bias, base composition, and the number of parsimony-informative sites. A contributing factor to the differences seen in these single-gene phylogenies, which was also why these genes were selected, is the fact that they are mostly unlinked (Table 1) . Such independence between genes can lead to differences in evolutionary changes, as noted above, causing the placement of the species to differ in each tree. These results strengthen the argument that gene trees do not always accurately indicate species evolutionary relationships even when slowly evolving orthologs are used (4, 12, 27, 30) . Further analyses are needed to reveal the cause of incongruencies observed in the individual trees. For now, our results indicate that single-gene trees may not be precise enough to infer accurate species evolutionary relationships for characterization of Pasteuria isolates. The earliest DNA studies to characterize Pasteuria all relied on using universal bacterial primers based on the 16S rRNA subunit and sequencing the PCR-amplified products. These studies all showed that Pasteuria is closely related to endospore-producing bacilli (2, 3) . The formation of endospores is one of the most complex developmental processes in prokaryotes and involves hundreds of sporulation-specific genes (36) . Genomic analysis has shown that many of the genes in the sporulation pathway of these bacteria are conserved, and several recent studies have started to use some of these genes to construct phylogenies. The phylogenetic relationship obtained using sigE and sigF showed that Pasteuria is ancestral to other bacilli and taxonomically in the middle of the bacilli, respectively (28) . In a separate study using spo0A, P. penetrans and P. ramosa were both shown to be Pasteuria is rooted deeply in the supergenus Bacillus. As might be expected, phylogenies based on single genes are likely to produce different results. The results presented here indicate that individual gene trees, although each tree was robustly supported, showed great variation in their placement of species.
We have shown that a concatenation of several genes results in a robust phylogenetic tree, regardless of which analysis method is used. By combining amino acid sequence alignments, the phylogenetic signal is increased and noise is minimized, creating a more accurate phylogeny (4) . Maximum likelihood is known to take into account many of the underlying issues concerning amino acid sequence evolution, such as composition bias and rate heterogeneity. This method has been reported to be better than maximum-parsimony analysis (41) and Bayesian methods (31) , but in these analyses, there were no apparent differences in the deep phylogenies inferred. Unfortunately, due to the computational difficulty with such a large protein data set, Bayesian inference was employed only for the smallest, least ambiguous data set. The results of this analysis did, however, mirror those of the maximum-likelihood and maximum-parsimony analyses. Furthermore, different inference methods were used to reduce the potential of violating the assumptions of a particular method, which may result in an erroneous tree. For example, Bayesian posterior probabilities are thought to overestimate the reliability of a tree, whereas bootstrap values are believed to be underestimates (38) . Our inference of the same tree from a few robust phylogenetic methods increases the credibility of the consensus tree, as demonstrated here. Not only did the different programs result in the same tree, but the same tree was also inferred when 40 genes and 33 taxa or 27 genes, with or without indels, and 28 taxa were used. In the smaller analysis, the species that were removed contained the fewest genes used in the analysis. Incidentally, these taxa all belong in the phyla Crenarchaeota and Euryarchaeota. The taxon selection, in this case, had no influence on branch resolution, as found in the metazoan tree by Rokas and coworkers (31) . Likewise, the number of genes (40 or 27 genes) had no effect on the exact branch placement of the species in question. Therefore, in this case both the larger and smaller data sets were adequate to resolve the tree correctly, as opposed to the single-gene analysis (30) . Since the number of amino acids in an alignment drastically affects the amount of time needed for the analysis, using the smaller data set greatly improves the efficiency of the phylogenetic inference method. Including areas of ambiguity (e.g., indels) also makes the analyses increasingly difficult. Since identical results were obtained with the data sets with and without indels, no extra information was gained from the indels, and therefore, they were not necessary. Consequently, there was no loss of information or resolution when indels, genes with low species counts, and species with low gene counts were removed. There was only a gain of efficiency and computability in the data set.
Our resolution of the P. penetrans phylogenetic position should enable us to exploit comparative genomics to study the relationship of this organism to its closest relatives in the Bacillus clade and to discover the genetic basis for parasitism of the root knot nematode. The analysis undertaken so far has been based on genes extracted from a single population of Pasteuria (RES147). It is well documented that while some populations of P. penetrans attach only to a particular species of RKN (8, 11, 13, 22, 37) , other populations are specific for a particular population of a species of the nematode (8, 10, 37) . This intraspecific biological variation and its possible role in horizontal gene transfer may be revealed through genetic comparison to other closely related pathogenetic bacteria identified in this study. It is also interesting that the previous suggestion that P. penetrans may be an ancestral member of the bacilli and not a recently evolved organism is strongly supported by the results presented here. Most significantly, the parasitic organism P. penetrans is more closely related to the saprophytic bacilli than to the animal pathogens. 
